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Abstract
One of the most striking observations made by Parker Solar Probe during its first solar en-
counter is the omnipresence of rapid polarity reversals in a magnetic field that is otherwise
mostly radial. These so-called switchbacks strongly affect the dynamics of the magnetic field.
We concentrate here on their macroscopic properties. First, we find that these structures are
self-similar, and have neither a characteristic magnitude, nor a characteristic duration. Their
waiting time statistics shows evidence for aggregation. The associated long memory resides
in their occurrence rate, and is not inherent to the background fluctuations. Interestingly,
the spectral properties of inertial range turbulence differ inside and outside of switchback
structures; in the latter the 1/f range extends to higher frequencies. These results suggest
that outside of these structures we are in the presence of lower amplitude fluctuations with a
shorter turbulent inertial range. We conjecture that these correspond to a pristine solar wind.
1 Introduction
In November 2018 Parker Solar Probe [19] became the closest spacecraft ever to the Sun, reaching
a distance of 35.7 R or 0.166 AU from our star. This was the first of a series of 26 encounters
during which the spacecraft will perform in situ and remote sensing observations of the solar corona
and gradually get as close as 9.8 R. This first encounter, however, has already provided a wealth
1
ar
X
iv
:1
91
2.
02
85
6v
1 
 [a
str
o-
ph
.SR
]  
5 D
ec
 20
19
of new results [5, 31, 26, 40]. Among these is the omnipresence of swift reversals of the magnetic
field, which is otherwise mostly radial. The elusive origin of these transient events, often called
switchbacks, and their potential role in heating the solar wind has spurred active discussions. A
global understanding of these switchbacks is gradually emerging as detailed comparisons of the
different observations is progressing. Here, we consider these events from a more macroscopic
point of view, and investigate what new insight can be gained from the dynamics of the magnetic
field.
The solar wind is a fascinating laboratory for studying waves and turbulence in collisionless plasmas
[14]. However, by the time the wind that emanates from the Sun has reached the Earth’s orbit
(where most in situ measurements are performed) it has already evolved dynamically for several
days so that the properties of the pristine wind that Parker Solar Probe aims at observing are
blurred. During its first perihelion pass, the spacecraft was almost co-rotating with the Sun and
mostly observed a slow solar wind emerging from a small coronal hole located near the equator
[5, 3]. For more than ten days around the first perihelion, the magnetic field was essentially radial
with clear sunward polarity. This regularity was continuously interrupted by switchbacks, see
Fig. 1.
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Figure 1: Magnetic field for the whole interval of interest (upper plot) and for a two-hour excerpt
(lower plot). An RTN coordinate system is used, see Sec. 2.
Switchbacks are characterized by their high alfvénicity, the absence of notable temperature changes
and an increase in the wind velocity by approximately 20% [5, 31]. Likewise, the proton density
also tends to increase inside these switchbacks. The alfvénicicity is attested by the low relative
variability of the total magnetic field. The duration of these switchbacks ranges from less than a
second to more than one hour. A remarkable result is the occasional presence between them of
periods of quiet solar wind with low levels of magnetic field fluctuations and coherent wave activity
[13, 36].
Sudden reversals of the magnetic field have been observed for several decades. Early examples can
be spotted in observations from the HELIOS mission [7]. These reversals have since been studied
at various distances from the Sun [29, 57, 6, 62, 34, 43, 44, 37, 12, 24], and in simulations [58].
However, the observations made by Parker Solar Probe stand out by 1) The absence of major
velocity increase during switchbacks as compared to what has been observed, for example, by
HELIOS at 0.3 AU [12]; 2) Their observation in a slow (but alfvénic) stream and 3) The sharpness
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and omnipresence of these events, as if the coronal plasma was continuously transitioning between
two metastable states: one in which the magnetic field is pointing sunward along the Parker spiral,
and one in which it is deflected away from the spiral, sometimes by as much as 180◦.
Several (and mutually not exclusive) explanations have been proposed for these switchbacks such
as plasma jets associated with reconnection events deep inside the corona, or the crossing of kinked
magnetic flux tubes, of closed magnetic loops, or of large-amplitude, non-compressive Alfvén waves
similar to those observed by Belcher and Davis [8]. The properties of the monodirectional energetic
electron beams [61] and the inversion of the magnetic helicity [41] inside of the switchbacks give
support to the idea that these structures are localized twists in the magnetic field and not polarity
reversals or closed loops.
A consequence of the elusive origin of these switchbacks is the lack of consensus on their ter-
minology. These structures are also called foldings, (intrasector) field reversals, jets, spikes, or
deflections. They are truly deflections but we shall refer to them as switchbacks.
Interestingly, the presence of abrupt flow reversals is not unique to plasmas and has also been
observed in hydrodynamic turbulence at high Rayleigh numbers [1] and in the geomagnetic field
[55]. There are also analogies with dynamical systems that exhibit transitions between different
states [45, 9]. Metastable systems that are in contact with a (possibly external) perturbation
have received considerable attention in the framework of non-equilibrium physics because they are
capable of exhibiting effects that cannot be observed when the system is in thermal equilibrium
[21]. One of these effects is fluctuation amplification through stochastic resonance.
All these systems raise the same question: How can such transitions occur when their lifetime is
so much longer than the characteristic timescales of the system? In the context of the solar wind,
a related question is: Are these deflections part of the turbulent wavefield or are they signatures
of perturbations that are generated by some external mechanism such as the moving photospheric
footpoint of magnetic flux tubes? Beforehand, we should define what a switchback is. To answer
these questions, we investigate here the dynamical properties of the magnetic field, following an
exploratory approach.
This macroscopic exploration of the solar magnetic field is organized as follows: after presenting
the data in Sec. 2 we address their main properties in Sec. 3 followed by their waiting time statistics
in Sec. 4 and a focus on signatures of long memory in Sec. 5. Finally we discuss the implications
on our perception of solar wind turbulence in Sec. 6 and conclude in Sec. 7.
2 Data
The vector magnetic field is measured onboard Parker Solar Probe by the MAG magnetometer
from the FIELDS consortium [4]. At perihelion, the cadence of MAG goes up to 292.97 samples
per second. Since we are interested in much lower frequencies, in what follows all observations will
be decimated to 73.24 Hz.
Our time interval of interest is centered on the first perihelion pass of November 6, 2018 and runs
from November 1st to November 10, 2018. During that 10-day interval the spacecraft was almost
corotating with the Sun, so that temporal variations are primarily associated with spatial structures
that are advected past the spacecraft with a typical solar wind speed of 220 km/s to 450 km/s [31].
This means that the crossing of thin structures such as filaments may take considerably longer
than what other spacecraft usually see in the solar wind.
During that whole interval the photospheric footpoint of Parker Solar Probe was mostly located
in the same equatorial coronal hole [3], causing the spacecraft to be immersed in a relative stable
and highly alfvénic slow solar wind. Outside of the interval the conditions progressively started
changing with, for example, the occurrence of heliospheric perturbations such as a flux rope on
November 12. The distance to the Sun varied from 51.4 to 35.7 R and the median deviation of
the magnetic field from the radial direction was 12.4◦.
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In the following we express the magnetic field in the RTN coordinate system: R is radial and points
away from the Sun, the tangential T component is the cross product of the solar rotation vector
with R; the normal N component completes the right-handed set and points in the same direction
as the solar rotation vector.
3 Macroscopic properties of the switchbacks
Figure 1 illustrates the main properties of magnetic field with conspicuous reversals in the radial
BR component that are the hallmark of switchbacks. These deflections come in all magnitudes:
some cover a few degrees only whereas the largest ones are fully anti-sunward. The high alfvénicity
is attested by the nearly constant total magnetic field.
Let us first determine whether these deflections have a preferred angular orientation. Figure 2
shows an occurrence histogram versus azimuth and elevation of all the 67’108’864 observations of
the magnetic field that were recorded during the 10-day interval. What stands out is the isotropic
distribution of the deflections with a strong concentration around an azimuth of 170◦; the latter
coincides with the average position of the Parker spiral, which is indicated by a cross on the plot.
We conclude that the bulk of the deflections has an isotropic distribution around the direction of
the Parker spiral.
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Figure 2: 2D histogram of the angular deflection of the magnetic field, for the full time interval.
The orientation of the Parker spiral for prevailing solar wind conditions during the encounter is
indicated by a cross. An azimuth of 180◦ corresponds to a sunward pointing of the magnetic field.
Figure 2 shows that large deflections are more sporadic than small ones. The largest ones also have
a preferential tangential orientation [31, 25]. In what follows we shall concentrate on the salient
features of the deflections and therefore ignore the weak anisotropy that affects the few largest
events. Let us stress that this 2D distribution of the deflections does not significantly change when
we estimate it separately for each of the ten days of the interval of interest.
Thanks to the isotropy of the distribution of deflections we can now describe the dynamics of the
magnetic field by means of one single parameter, which is its angular deflection with respect to
the Parker spiral or mean magnetic field 〈 ~B〉. By analogy with magnetic lattices such as the Ising
model [48], let us consider the potential energy associated with each deflection
Ep = − ~B · 〈 ~B〉 (1)
where 〈 ~B〉 is the prevalent magnetic field. Because of the high alfvénicity, the magnitude of the
magnetic field may be considered as being close to constant, mainly varying with the distance from
the Sun. Therefore, the potential energy is mainly proportional to − cosα, where α is the angle of
deflection. Based on this we introduce the dimensionless normalized deflection 0 ≤ z ≤ 1 as
z =
1
2
(1− cosα) , (2)
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as a convenient proxy for the deflection. Values that are close to 0 correspond to a “ground
state” with a magnetic field that is aligned along the Parker spiral and pointing sunward. Gosling
et al. [22] had already noted that alfvénic perturbations in the solar wind should be considered as
deviations relative to a base value rather than to a time average. Conversely, z reaches 1 when
the magnetic field is pointing anti-sunward and along the Parker spiral. With this definition we
can now decouple geometrical variations from weak but still omnipresent amplitude changes in the
magnetic field.
Figure 3 illustrates the difference between the radial magnetic field and the normalized deflection.
Later in this study we shall discriminate deflections based on their value of z.
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Figure 3: Excerpt of the radial component of the magnetic field and the total magnetic field (upper
plot) and the corresponding values of the normalized deflection z (lower plot). Values of BR that
correspond to a small normalized deflection of z < 0.05 are highlighted.
Note that the prevalent orientation of the mean magnetic field fluctuates in time regardless of the
presence of switchbacks. There are multiple reasons for this, including changes in the velocity of
the solar wind, and of the distance from the Sun. We find that 95% of the azimuthal orientations of
the prevalent magnetic field (estimated from a running median over 6-hour intervals) are comprised
between −5.5◦ and 19.1◦. Likewise, 95% of the elevations are between −10.6◦ and 10.6◦. These
fluctuations cannot be neglected as they affect the value of the normalized deflection, see Eq. 1.
Therefore, all deflections will be determined with respect to the direction of the prevalent magnetic
field as estimated from a running median over 6-hour intervals. Taking longer intervals does not
affect the conclusions of our study. Shorter intervals are not allowed since they must exceed the
duration of the longest switchbacks. The jitter that results in the orientation of the prevalent
field prevents us from distinguishing small variations in z. Therefore, in what follows, we shall
systematically consider z = 0.05 as the threshold value below which the magnetic field is in a
so-called ground state with small deflections.
The question now arises whether the distribution of z shows any evidence for thresholds that would
allow to define what a switchback is. This would not only help clarify the terminology but also
give deeper insight into the physics. A bimodal distribution of z, for example, would indicate that
the magnetic field oscillates between two metastable states.
The distribution of z is shown in Fig. 4, which reveals a monotonic and rather featureless distribu-
tion apart from a small excess of small deflections. We are therefore in the presence of a continuum
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of self-affine deflections with no particular threshold that would allow us to define quantitatively
what a switchback is. We would have reached the same conclusions using the deflection angle α.
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Figure 4: Histogram of the values of z for the 10-day time interval.
We made various attempts to identify switchbacks by other means, such as their spectral signature.
Farge and Schneider [18] have shown how coherent structures such as vortices can be separated
from background fluctuations by means of the wavelet transform. We were unable to achieve a
comparable separation between large switchbacks and the less deflected magnetic field, presumably
because the spectral content does not provide enough leverage for disentangling the two.
Note that the distribution shown in Fig. 4 corresponds to deflections of all values of the magnetic
field and not individual switchback events. For the latter we need a definition of what a switchback
is. At the coarsest level one could define it as a deflection that exceeds the threshold value of
z = 0.05, and then drops again below it. With this definition we can investigate the distribution
of the peak deflection per switchback. This distribution (not shown) is steeper than that of Fig. 4.
However, it is equally devoid of discontinuities and therefore corroborates the idea that there is no
typical deflection for defining a switchback.
4 Waiting time statistics
A key question is whether consecutive switchbacks tend to aggregate or are independent. For
this we consider the statistical distribution of waiting times (time elapsed between the end of a
switchback and the onset of the next one) and of residence times (duration of a switchback) [2].
Numerous authors have investigated the waiting time distribution of intermittent events such as
solar flares [e.g. 60], radio bursts [e.g. 52] and discontinuities in the solar wind [e.g. 23]. For a
sequence of independent events that behave as a Poisson process, this distribution should be an
exponential. In contrast, power law distributions arise when events are correlated. In practice,
the distinction between the can easily be blurred by additional effects. Non-stationarity associated
with time-varying flaring rates, for example, cause the distribution to be exponential for short
durations and to roll over to a power law for long durations [35, 60].
Figure 5 summarizes the main results for the waiting time distribution using five thresholds of z.
First, note how all the distributions collapse onto one single curve, except for the longest intervals
that exceed hundreds of seconds. This is a strong indication that all deflections, whether small
or large, have a common driver. Second, all distributions tend to follow a power law over several
decades. The slope of this power law ranges between -1.4 and -1.6; similar values have been found
in natural phenomena that exhibit clustering [2]. Note that the existence of such a power law
implies that the mean waiting time is ill-defined.
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Deviations from this power law for short waiting times can be explained by the presence of ion
cyclotron waves [13] and interference noise from the spacecraft that distort the distribution. Inter-
estingly, the power law breaks down too at long time scales. Although finite sample effects become
increasingly important there is also a systematic depletion of long waiting times associated with
small deflections. This may be due to a dual waiting time distribution with a mix of clustered de-
flections that are responsible for a power law and occasional quiescent intervals that exhibit smaller
deflections. If the latter were randomly distributed, then the tail of the waiting time distribution
should roll over to an exponential distribution, with fewer events as compared to what a power
law should give [2].
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Figure 5: Waiting time distribution of normalized deflection z for different thresholds.
Further insight can be gained from the residence time distribution. Surprisingly, the waiting and
residence time distributions are (to a first approximation) remarkably similar, see Fig. 6. This
important result suggests that the same physical processes govern the onset and the termination
of a deflection. One would expect this for entangled filaments [46] or flux tubes [11] that are
moving past the spacecraft. If, on the other hand, the deflections were due to outward propagating
perturbations that are generated in the lower corona then the underlying instability would more
likely give rise to different distributions. The same would occur for a plasma oscillating between
two metastable states.
Figure 6 also reveals a conspicuous excess of long-duration intervals with small deflections, which
indicates that there is a tendency for the magnetic field to remain in the ground state that has
small deflections. Conversely, there is a relative deficit of large deflections.
A new picture emerges: in the previous Section we had concluded that there was a continuum
of deflections. Here, the waiting time distributions gives a more contrasted picture in which the
ground state is relatively more frequent, as if the magnetic field was staying by default in this
ground state, and leaving it only during deflections. The omnipresence of the deflections gives the
false impression that there is no distinction between them and the ground state.
To summarize, to a first approximation, the magnetic field behaves as a monostable system with
a preferential ground state. Deflections away and back to this ground state are ruled by the
same physical processes and their omnipresence leaves few opportunities for actually observing
the ground state. The power law scaling of the waiting time distribution suggests that deflections
aggregate, whatever their magnitude. There are no noticeable differences in these scalings when
one-day intervals are chosen.
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Figure 6: Residence time distribution of of normalized deflection z for different thresholds. The
waiting time distributions from Fig. 5 are shown in gray, for comparison.
5 Long memory effects
The clustering of consecutive deflections suggests that there is long memory in the coronal magnetic
field. This memory may have several origins. The most obvious one is a temporal correlation
associated with the spatial coupling between adjacent magnetic flux tubes, similar to what is
observed in spin lattices. These flux tubes, when mapped back into the photosphere, correspond
to granules or supergranules whose small motion at the solar surface gets amplified because of
the expansion of the flux tubes, and naturally leads to temporal correlations. Disentangling these
different causes without multipoint observations is challenging.
To find clearer evidence for clustering between switchbacks we correlate each waiting time to its
consecutive values. Since the waiting times vary by orders of magnitude, it is more appropriate
to correlate their ranks, similar to the difference between Pearson and Spearman rank correlation
functions [51]. Here, by estimating the autocorrelation function of the ranked values, we quantify
whether waiting times of a given rank are likely to be followed values of a similar rank for the next
event, the second next event, and so on.
Figure 7 illustrates the results of the autocorrelation of ranked waiting times for a threshold of
z = 0.1. Note the fast decay, which indicates that consecutive values rapidly differ from each other.
The autocorrelation, however, does not drop to zero; its decay is well matched by a C(lag) ∝ lag−1/2
scaling that is indicative of long-range correlations [10].
The significance of this long tail of the autocorrelation function requires careful evaluation. Instead
of considering confidence intervals we use a more stringent test and use surrogate data [54] to answer
the question: Do the nonzero correlations result from a nonlinear process that causes consecutive
switchbacks to aggregate, or are they just a consequence of linear effects (i.e. the fact that nearby
observations of the magnetic field are more likely to be similar)? More precisely, we test the
null hypothesis that clustering in the normalized deflection z is produced by a Gaussian linear
stochastic process. To do so, we generate surrogate time series of z that have the same probability
distribution and same autocorrelation function (and therefore also same power spectral density) as
the initial record z. The characteristics of these surrogates are remarkably similar to those of the
original data (a trained eye can barely distinguish them) and yet, whatever nonlinear correlation
may exist in the magnetic field has been destroyed in the surrogates. From these we estimate the
waiting times whose autocorrelation is then compared to that of the original values.
The comparison of the two autocorrelation functions in Fig. 7 confirms the existence of a significant
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residual correlation between consecutive waiting times, which is absent in surrogate data. From
this we conclude that there is a long memory in the sequence of switchbacks. Fig. 7 in addition
shows that this memory persists at least for a dozen consecutive deflections.
Figure 7: Autocorrelation of the sequence of ranked waiting times (determined with a threshold
value of z = 0.1) for real observations and for surrogate data. For the latter, an average over 20
surrogates, with a ±2σ interval are shown. Switchbacks that are shorter than 1 second have been
excluded.
These conclusions remain valid with other thresholds although the results are more contrasted
when the threshold is between 0.05 and 0.2. To better diagnose the origin of this long memory let
us now consider Detrended Fluctuation Analysis (DFA) [10, 30], which is particularly suited for
detecting long memory in non-stationary time series.
In the following we consider 0’th order DFA or DFA0 (also known as fluctuation analysis [15])
because we do not aim at removing trends. In DFA0 a sampled time series xt is sliced into NW
non-overlapping windows of equal duration τ in each of which we calculate the variance. Finally
we consider the root mean variance
σx(τ) =
√√√√ 1
NW
NW∑
i=1
〈
(xti − 〈xt〉Wi)2
〉
Wi
(3)
in which 〈· · ·〉Wi stands for a time average over the interval Wi : ti ≤ t ≤ ti + τ . For a self-affine
process σ(τ) ∝ τµ, whose scaling exponent µ is related to the Hurst exponent. For uncorrelated
fluctuations such as those resulting from Brownian motion µ = 12 whereas for serial correlation one
should have µ > 12 . Conversely µ <
1
2 implies anticorrelation. These scaling exponents embody a
close correspondence with physical scenarios [42].
Using DFA we can now compare the magnetic field with the normalized deflection, and also select
intervals according to the magnitude of the deflections. This enables us to determine whether
the evidence for long memory is the consequence of the switchbacks only or if it is intrinsic to
the complete sequence of observations. In addition, by applying DFA to z and to the different
components of the magnetic field, we should be able to determine whether the origin of long
memory is geometrical and resides the orientation of the magnetic field or if variations of the
magnetic field amplitude contribute to it.
The results of DFA analysis are summarized in Fig. 8. As before we focus on the radial component
of the magnetic field and consider here two cases: quiescent conditions that should be close to the
ground state (z < 0.05) and active conditions (0 ≤ z ≤ 1), both for z and for BR.
The lower plot of Fig. 8 displays the main quantity of interest, which is scaling exponent µ. For
quiescent conditions µ remains close to 0.5, except at short time scales (τ < 10 sec) where coherent
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Figure 8: Detrended fluctuation analysis (DFA0) applied to BR and to the normalized deflection
z, for quiescent intervals and for active intervals. The upper plot shows σ(τ) normalized to its
value for the shortest time; the lower plot shows the corresponding scaling exponent µ.
wave activity is likely to affect the results. Such a value of µ implies the absence of long memory
in both BR or z when the magnetic field is its ground state; it is also the signature of regular
diffusion.
If, however, we apply DFA to active conditions, then the scaling exponent is systematically larger
and saturates around 0.6. Such values are the signature of long memory, or at least longer lasting
memory than in the quiescent regime. Numerous studies have shown how anisotropic magnetic
fields such as those associated with meandering field lines can lead to anomalous superdiffusive
particle transport [28, 50, 49]. In this context, the aggregation of the switchbacks also provides
favorable conditions for non-diffusive transport.
Interestingly, the scaling exponents are nearly identical for z and forBR; consequently, long memory
effects occur in the angular deflections rather than in the fluctuations of the magnetic field that
come on top of these. In other words, the long memory resides in the way switchbacks occur as
events while the background magnetic field fluctuations have limited memory.
The picture that emerges reveals a magnetic field whose ground state has no long memory, in
contrast to the intermittent deflections that tend to aggregate and therefore exhibit long memory.
These distinct properties corroborate the idea that the two have different origins. This surprising
emergence of long memory in transient events rather than in the ground state has received consid-
erable attention in the context of climate science because of its implications on predictability [32].
Franzke et al. [20] have shown that it is precisely the rate of switching between different states
(in our case, the occurrence of deflections) that can generate long memory and be responsible for
non-stationarity in a system that is otherwise memoryless. Recently, Sato and Klages [53] have
provided yet another explanation for this behavior by showing that particles that are sampled ran-
domly either from a memoryless system with Brownian motion (i.e. our quiescent ground state)
or from a non-chaotic system in which particles aggregate (i.e. switchbacks) exhibit anomalous
diffusion with scaling exponents µ > 0.5.
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6 Impact on turbulence cascade
Now that there is evidence for the magnetic field fluctuations to have different origins depending
on their deflection, let us turn to their spectral properties and determine whether switchbacks can
be considered as being part of the turbulent wavefield. For this, we consider the power spectral
density of the different components of the magnetic field, and also of z, for specific thresholds on z.
The results are summarized Fig. 9 for quiescent conditions (z < 0.05) and active ones (0 ≤ z ≤ 1).
The precise value of the threshold has no major impact on our conclusions as long as it properly
isolates the quiescent state.
Since the quiescent state occurs only sporadically we use the Lomb-Scargle method [51, 59] to
estimate the power spectral density from irregularly sampled data and obtain access to time scales
that exceed the duration of individual quiescent intervals. We systematically process in parallel a
benchmark sequence with a known spectrum in order to check the validity of our results.
Figure 9 summarizes the main results by comparing the power spectral density of the radial compo-
nent BR for quiescent and for active conditions. In both regimes we observe power laws P (f) ∝ fβ
that extend over more than one decade. Frequencies above 1Hz are discarded because they be-
long to the kinetic range. In addition they are affected by narrow-band noise from the spacecraft
reaction wheels. The properties below 1Hz in active conditions are typical for MHD turbulence,
with an inertial range whose spectral index is close to β = −3/2, preceded by a so-called 1/f
range whose slope is close to β = −1 [17]. The break frequency between the two is located around
0.001Hz, which is consistent with the fluctuation level of the magnetic field [39].
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Figure 9: Power spectral density of the radial component BR of the magnetic field for quiescent
(z < 0.05) and active (all z) regimes. For the latter, we overplot the results obtained by using the
Fast Fourier Transform (FFT) and the Lomb-Scargle (LS) method to confirm their good agreement.
The active and quiescent regimes have comparable spectral indices between 0.05Hz and 1Hz, which
approximately corresponds to the inertial range, see Table 1). At lower frequencies, however, the
spectral index changes because the break frequency moves up from 0.001Hz to 0.05Hz. The 1/f
range is considered as an energy reservoir of the turbulent cascade and consists of a mix of non fully
developed turbulence and coherent structures that still carry the signature of the sources of the
wind [14, 38]. The 50-fold increase in the break frequency may then suggest that in the quiescent
regime the turbulent cascade has had only time to develop a short inertial range. In other words,
the quiescent regime carries a signature of a more pristine and un-evolved solar wind.
The same pattern arises in the power spectral density of the transverse components and the modulus
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Figure 10: Same as Fig.9, now comparing two components of the magnetic field and the total field
for quiescent and active regimes. All estimates are based on the Lomb-Scargle (LS) method.
Table 1: Spectral index of the power spectral density of BR estimated for active (0 ≤ z ≤ 1) and
quiescent (z < 0.05) conditions.
Frequency range [Hz] Conditions β
10−3 – 3 · 10−2 Active −1.50± 0.03
10−3 – 3 · 10−2 Quiescent −1.07± 0.03
5 · 10−2 – 1 Active −1.63± 0.05
5 · 10−2 – 1 Quiescent −1.70± 0.12
of the magnetic field, see Fig. 10, with some subtle differences that are beyond the scope of this
study. Other effects may explain such a shift in the break frequency. Since the fluctuation level is
lower in the quiescent regime, the turbulent eddies take longer to interact, which naturally shifts
the break frequency upwards. While this effect certainly plays a role, we note that by selecting
larger thresholds of z (and thus allowing for eddies of larger amplitude) the break frequency does
not immediately drop, as would be expected.
If quiescent conditions indeed correspond to a pristine solar wind, then how deep in the corona
are these fluctuations generated? To answer this question we consider the correlation length of the
magnetic field along the radial direction. The autocorrelation function of BR decays monotonically
and its e-folding time provides a coarse estimate of the decay time. By using a solar wind velocity
model [63] with the observed solar wind velocity as input, we can then approximately locate the
source of the fluctuations. Let us stress that the decay time is indicative only because the magnetic
field is non-stationary and so the autocorrelation function is biased [27].
In the active regime the correlation time is of the order of a few minutes only because because erratic
deflections rapidly destroy the correlation. In the quiescent regime, however, the autocorrelation
decays more slowly with a characteristic decay time of T = 10±7 [h]. The large uncertainty reflects
the dispersion of the values as estimated from a sequence of 2-day intervals. Note that this decay
time is biased and therefore should be considered as a lower bound.
The long decay time associated with the quiescent regime corresponds to a source located below 20
R. This is lower than the Alfvén point, which is estimated to be located between 25 and 30 R
[31]. We conclude that the fluctuations that are seen during the quiescent regime correspond to the
transit of highly elongated structures that most likely originate deep inside the corona. Possibly
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as deep as the photosphere.
7 Discussion and Conclusions
Our results lead to an apparent contradiction. On one hand we observe a continuum of deflections
in the magnetic field, which would suggest that there is one single regime only, with a seamless
continuum between a quiescent state with small deflections, and large switchbacks. Here we ignore
coherent wave activity that occurs on top of this and is further addressed in [13, 36].
On the other hand, we find evidence for long memory in the deflections only and not in the quiescent
regime. From this we conclude that the magnetic field is more likely to exhibit two regimes: a
quiescent ground state with no long memory, and occasional perturbations (deflections) that do
exhibit long memory.
The distinction between the two pictures brings us back to the initial question: Are switchbacks
part of the turbulent wavefield or should they be considered as external perturbations? This
distinction between the two, if it exists, is blurred by several effects such the small variations in
the orientation of the Parker spiral.
Several indicators support the idea that switchbacks and the quiescent ground state are distinct.
First, the similarity between the waiting and residence time distributions suggests that switchbacks
correspond to a deviation from the ground state, which excludes the existence of a bistable state as
observed, for example, in some plasma instabilities [47]. Second, the relative excess of occurrences
of long quiescent regimes pleads in favor of their different nature. A third indicator is the different
spectral density of BR, which we interpret as a signature of un-evolved solar wind for the quiescent
regime.
These indicators do not exclude alternate explanations such as one in which deflections would be
remnants of large switchbacks that have evolved into fully developed turbulence. Here the turbulent
wavefield conserves imprints of the initial drivers. This may explain one of our puzzling results,
which is the similarity of the spectral indices as inferred from the active regime and as reported for
the inertial range of turbulence in the inner heliosphere [17] or in corresponding MHD turbulence
models [16], as if a mix of switchback with pristine un-evolved solar wind equals inertial range
turbulence. Note that this similarity could also be a mere coincidence. Indeed, random transitions
between states can easily give rise to power spectral densities that follow a power law with a
spectral index located between -1 and -2. Incidentally, this highlights the ambiguity of the spectral
index, for which completely different physical processes can give rise to comparable values.
If these switchbacks are distinct from the quiescent ground state, do the two eventually merge
into a fully developed turbulence energy cascade? The study by Borovsky [12] suggests that
switchbacks do not evolve after 0.3 AU, as if they had stopped interacting with the surrounding
turbulent wavefield. Several studies suggest that switchbacks observed closer to the Sun by Parker
Solar Probe do interact with the ambient magnetic field: Krasnoselskikh et al. [33] argue that
wave activity at the boundary of switchbacks may contribute to mixing and eventually to their
weakening while Tenerani and et al. [56], using simulations, conjecture that they originate in the
lower corona and survive out to Parker Solar Probe distances. All these results support the idea
that the concentration of switchbacks is higher at the perihelion of Parker Solar Probe than farther
out. Note, however, that our perception is biased by the near-corotation of the spacecraft with the
Sun, which favors the observation of radial structures advected over the spacecraft rather than the
crossing of magnetic flux tubes.
At this stage we are unable to nail down the precise origin of these switchbacks, for which a
microscopic investigation of the wave and particle properties is required. However, our macroscopic
analysis favors mechanisms in which these structures can be described as temporary departures
from a ground state with a strong spatial correlation in the source of these deflections. Both
switchbacks and the quiescent solar wind must originate deep in the corona. This picture is more
difficult to reconcile with jets that would be produced by reconnection events lower in the corona
because the rate of occurrence of the latter is unlikely to exhibit long memory. For the same reason,
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it is more difficult to reconcile with a model that would involve self-organized criticality. On the
contrary, the picture is compatible with the meandering of kinked magnetic field lines.
To conclude, let us summarize the main facts, and then proceed with more speculative results.
• First we find that magnetic switchbacks come in all durations (seconds to hours) and all
angular deflections (0◦ to 180◦) with respect to the Parker spiral. They are best observed
in radial component of the magnetic field, on which this study focuses. The bulk of the
distribution (more than 98%) is isotropically distributed around the Parker spiral and can
therefore be conveniently described by one single dimensionless quantity, which we call the
normalized deflection. From the distribution of deflections we conclude that there is no crisp
definition of what a switchback is. We are rather in the presence of a continuum of deflections
that could typically result from a fractal distribution of kinked magnetic flux tubes.
• Both the waiting time and residence time distribution of these deflections tend to follow
a power law and are remarkably similar. This suggests that consecutive deflections tend
to aggregate. Furthermore, the onset and termination of a deflection must be governed by
the same physical processes. Finally, the magnetic field does not behave as a system with
different metastable states, but rather as a monostable system that moves away from its
ground state for each deflection. This explains the relative excess of long quiescent time
intervals (i.e. with small deflections of typically z < 0.1).
• Autocorrelation and detrended fluctuation analysis confirm the presence of long memory
in the magnetic field. Interestingly, this long memory manifests itself in the occurrence of
deflections and not in the fluctuations that are observed during the quiescent regime. Such
anisotropies of the magnetic field with long-range correlations offer are known to generate
anomalous particle transport [50].
Recently, Sato and Klages [53] have shown how a similar behavior arises in systems that
result from a mix between memoryless Brownian motion and non-chaotic aggregation. The
long memory we observe is most likely associated with the strong spatial connection between
adjacent magnetic flux tubes and their common photospheric footpoints [e.g. 11].
• While the power spectral density of the magnetic field data is consistent with scaling laws
found for the inner heliosphere [17, 39] the quiescent regime exhibits a longer 1/f range. We
conjecture that this quiescent regime corresponds to a more pristine solar wind whose spectral
energy cascade has only had time to develop a short inertial range. From its correlation length
we estimate its source to be located below 20 R, i.e. well below the Alfvén point.
Surprisingly, the spectral properties of the mix between switchback and quiescent solar wind
equals that of classical solar wind turbulence, which raises questions as to how much these
switchbacks actually interact and merge with the background turbulence.
Taken together, these results suggest that switchbacks are probably not inherently part of the
turbulent wavefield but are remnants of strong deflections that occurred deeper down in the corona
and are connected by their common origin. Their spectral signature mimics that of inertial range
turbulence, which suggest that they are gradually merging with it. In contrast, the spectral
signature of the quiescent magnetic field between switchbacks is reminiscent of a more pristine
and less evolved solar wind. These properties, and in particular the long memory of the rate of
occurrence of switchbacks are compatible with a physical picture in which these structures are
the signature of kinked magnetic flux tubes that are moving past the spacecraft. The combined
long memory and high anisotropy of these events offer favorable conditions for anomalous particle
transport.
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